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571 ABSTRACT

A micromachined valve and valve array having one or
more pores which are electrochemically opened and
closed by dissolving and redepositing a barrier layer
across a tiny opening or pore in substrate. The pore is
spanned by two electrodes which apply a voltage to an
electrolytic barrier layer material which dissolves in an
electrolyte. Each open pore has a distinct flow rate
related to its minimal cross-sectional area which to-
gether can form a binary sized array with each subse-
quent member in the array having a flow rate twice as
large as the preceding member In the array. Any inte-
gral multiple of the smallest flow rate may be achieved
by opening an appropriate combination of the pores
with addressing logic. In a preferred embodiment, each
bit in a binary representation of the desired flow rate
acts as a switch for a pore having a flow rate corre-
sponding to the bit position.

17 Claims, 2 Drawing Sheets
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MICRO-ELECTROCHEMICAL VALVES AND
METHOD

FIELD OF THE INVENTION

The invention relates generally to micromachined
electrochemically controlled valves, and more particu-
larly to a valve array for quantitatively controlling flow
between two surfaces.

BACKGROUND OF THE INVENTION

In a large number of situations, it 1s destrable to be
able to precisely control the flow rate of a liquid. Often,
it is also desirable to modify the flow rate over time. For
example, the therapeutic effect of many biologically
active agents is critically dependent upon their circulat-
ing concentration in a patient. The therapeutic concen-
tration range may be quite limited, with lower concen-
trations being ineffective and higher concentrations
producing undesirable toxic effects.

Electrorelease is known in the art as a useful tech-
nique for electrochemically controlling the delivery of
a chemical or drug. The delivery process can be con-
trolled by switching the electrorelease system on and
off, or by adjusting the rate of release. Electrorelease
systems for small molecules are generally based on
chemical entrapment of the molecule in a polymeric
support.

Journal of the Electrochemical Society 137: 3789-3793
(1990) and references therein describe an electrorelease
system for macromolecules based on microporous
membranes. The molecule to be released is physically
entrapped behind a composite membrane consisting of 2
microporous support membrane covered by a non-por-
ous barrier layer. Release is initiated by electrochemi-
cally dissolving or disrupting the barrier layer. A thin
metallic electrode, which does not seal the membrane’s
pores, is sandwiched between the microporous mem-
brane and the non-porous barrier layer. The elec-
trorelease rate is controlled by the number of pores
which are electrochemically opened. The rate is modu-
lated by limiting the amount of current passed during
oxidation of the barrier layer or by separating the mi-
croporous membrane into individual electrorelease
Zones.

While it is possible to increase the electrorelease rate
by opening more pores, the rate may not be decreased
because the pores, once opened, cannot be closed. The
resolution with which the release rate may be con-
trolled is limited by the size of the separate elec-
trorelease zones which may be constructed on the mem-
brane surface and the number of pores within each
ZOne.

It is therefore an object of the present invention to
provide an improved electrorelease system for macro-
molecules which allows the electrorelease rate to be
reduced or stopped.

It is a further object to provide an improved elec-
trorelease system which has increased flow rate resolu-

tion.
SUMMARY OF THE INVENTION

Briefly, the present invention includes a monolithic
substrate, such as a silicon wafer or plate, containing an
array of variably sized holes. Each hole or pore has an
associated electrode pair and is initially sealed with a
material that can be electrochemically removed by
applying a voltage to the associated electrode pair. The
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electrodes may either be located at the hole edge or
along one wall of the rectangularly shaped holes. When
the electrode is located at the hole edge, the sealing
material will generally consist of a membrane layer
which covers the hole. When the electrode is located on
a passage wall, the barrier material will be located en-
tirely within the passage as a film or plug. A common
counter electrode may be located on one surface of the
substrate or each individual passage may have a counter
electrode located on a passage wall opposite the work-
ing electrode.

In a preferred embodiment, the barrier is composed
of an electrolytic film material which may be repeatedly
dissolved and redeposited in and from a compatible
electrolyte to open and close the hole. Suitable materi-
als include, for example, metals, such as silver or cop-
per, or electroactive polymers, such as polypyrrole.

The flow rate through the substrate may be tailored
to any desired value by opening the appropriate combi-
nation of holes. In a particularly preferred embodiment,
a series of pores are used which have the property that
each subsequent pore in the series has twice the flow

rate of the previous pore in the series. The pore with the
smallest flow rate defines the flow rate resolution of the

system and any integral multiple of that flow rate may
be achieved by an appropriate combination of open
pores. The flow rates of the pores in the series corre-
spond to the bit values in a binary representation of the
desired flow rate. Each bit in the binary representation
acts as a switch for the corresponding pore.

An advantage of the electrorelease system of the
present invention is that the electrorelease rate may be
reduced or stopped.

Another advantage is that the electrorelease system
has increased flow rate resolution.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a side sectional view of an electrorelease
pore covered by a silver membrane in accordance with
an embodiment of the present invention;

FIG. 2 1s a side sectional view of an alternate embodi-
ment of the present invention in which the electrode is
located on the pore wall and the barrier material forms
a plug entirely within the pore;

FI1G. 3 1s a side sectional view of a further alternate
embodiment of the present invention in which the elec-
trode and counter electrode are located on opposed
walls within the pore;

FIG. 4 1s a plan view of a binary array of pores in
accordance with the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

With reference to FIG. 1, electrorelease hole or pore
10 1s constructed in a monolithic substrate 12 using
anisotropic etching techniques which are well known in
the integrated circuit manufacturing arts and are de-
scribed in detail in U.S. Pat. No. 4,765,864. Substrate 12
can be made of any of a number of materials although
semiconductor matenals such as silicon, silicon carbide,
galllum arsenide, or the like are particularly advanta-
geous when IC fabrication techniques are used. When
substrate 12 is made of a semiconductor material, it is
necessary to provide an appropriate insulating layer 14,
such as silicon dioxide, to prevent electrical shorting
through the substrate 12.
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When produced by anisotropic etching, pore 10 is
substantially rectangular in shape and has a pair of op-
posed slanted side walls 16 and 18 which are smooth
and well defined. A thin membrane of electrolytic bar-
rier material 20 covers the narrow end of pore 10. An
electrode 22 is located at the edge of pore 10 completely
surrounding and in contact with barrier 20. A counter
electrode 24 is located on the surface of substrate 12
opposite to electrode 22 and barrier 20.

In operation, the surface of substrate 12 containing
counter electrode 24 is in contact with an electrolyte
which provides electrical communication between
counter electrode 24 and electrode 22. Barrier material
20 is soluble in the electrolyte under an electromotive
force. When a voltage difference is applied between
counter electrode 24 and electrode 22 via external elec-
trical leads, not shown, barrier 20 is electrochemically
dissolved, allowing fluid flow through pore 10. Barrier
20 may be redeposited by applying a second voltage
difference between electrode 22 and counter electrode
24. The magnitude and polarity of the second voltage
must be determined experimentally for pores of various
sizes and materials. A mere reversal of the polarity of
the voltage difference between the electrodes may
sometimes be sufficient, but in most instances different
voltages may be required.

In one preferred embodiment, barrier 20 consists of a
thin membrane of silver selectively deposited using the
sacrificial layer technique described in U.S. Pat. No.
4,765,864. The electrolyte is a salt solution such as NaCl
or KCl and the voltages involved are typically between
—1.5 V and +1.5 V. When barrier 20 is composed of
silver metal, a potential of +0.7 V vs. an Ag/AgCl
reference electrode is sufficient to dissolve barrier 20.
Larger potentials will, however, increase the rate of
dissolution. |

Referring now to FIG. 2, an alternate embodiment in
which electrode 22 is located on side wall 16 and barrier
20 is located entirely within pore 10 is illustrated. In
preferred embodiments, electrode 22 is deposited on
passage wall 16 using lithographic techmques common
in the integrated circuit and silicon micromachiming
arts. Barrier 20 is a film or plug of electroactive polymer
material such as polypyrrole.

Referring now to FIG. 3, an alternate preferred em-
bodiment in which counter electrode 24 1s located
within pore 10 is illustrated. Counter electrode 24 1s
lithographically deposited on side wall 18 opposite to
working electrode 22. A thin insulative layer 26 be-
tween barrier 20 and portions of the electrodes contact-
ing the barrier prevents shorting of the electrodes.

FIG. 4 illustrates an array of 8 binary sized pores
31-38 surrounded by a common counter electrode 24.
Each pore has an associated flow rate F;, with F being
the flow rate of the smallest pore 31. The next largest
pore 32 has a flow rate Fy, which is twice as large as
flow rate Fj. Similarly, each subsequent pore in the
series has a flow rate which is twice as large as the
preceding number in the series. For example, pore 33
has a flow rate F3 which is twice as large as F; and four
times as large as F;. In general, F; equals 20— D XF;.
Thus, pore 38 has the largest flow rate Fg which is equal
to 27X Fi.

In operation, the smallest flow rate F; of pore 31
defines the flow resolution of array 30. Any integral
multiple of flow F; between 1 and 255 (28—1) may be
achieved by opening an appropriate combination of
pores 31-38. Each pore 31-38 has a separate associated
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lead 41-48 which is in electrical communication with an
integrated logic circuit 30. The desired flow rate is
represented as a binary number stored in logic circuit 50
with each bit of the binary number acting as a switch for
the corresponding pore in array 30. For example, input-
ting the binary number 10000010 opens pore 38 corre-
sponding to the eighth bit and pore 32 corresponding to
the second bit, resulting in a flow rate of 130X F.

Increasing the number of pores N in the array in-
creases the maximum flow rate 2¥—1)XFj. The flow
resolution 1s increased by decreasing the size of the
smallest pore. In general, the maximum flow rate 1is
limited by the available surface area of substrate 12. The
flow resolution 1s limited by the minimum sized pore
which may be constructed. In practice, pore sizes rang-
ing from about 1 micron to about 1 mm may be
achieved using conventional integrated circuit manu-
facturing techniques. Use of a binary sized pore array
minimizes the number of pores necessary to achieve any
tailored flow rate within the resolution range of the
array.

Valves made 1n accord with the present invention
may be incorporated into drug delivery systems, such as
infusion pumps, for controlled release of liquid drugs.

We claim:

1. A microelectrochemical valve structure compris-
ing:

a monolithic substrate having a pair of opposed major

surfaces;

an array of passages through said substrate, each of

said passages extending between and connecting
said major surfaces, each of said passages further
having a size defined by its minimum cross-sec-
tional area;

an electrochemically removable barrier associated

with each of said passages in a position blocking
fluid flow through said passage;

an electrode associated with each of said passages,

said electrode being in contact with said passage
barrier, said electrode further being in electrical
communication with an external lead; and
at least one counter electrode associated with one of
said substrate major surfaces, said counter elec-
trode being in electrical communication with an
external lead, said counter electrode further having
the property of being in electrical communication
with said passage electrodes when said associated
substrate surface is in contact with an electrolyte,

wherein a voltage difference applied between said
counter electrode lead and one of said passage
electrode leads removes the barrier associated with
sald passage thereby increasing flow communica-
tion between said substrate surfaces by an amount
proportional to said passage’s size.

2. The structure of claim 1 wherein said passage bar-
rier comprises a membrane layer deposited on one of
sald substrate major surfaces covering the opening of
sald associated passage.

3. The structure of claim 1 wherein said passage bar-
rier comprises a plug located entirely within said associ-
ated passage.

4. The structure of claim 1 wherein said passage bar-
rier is dissolved when said voltage difference is applied.

5. The structure of claim 4 wherein said passage bar-
rier is redeposited when a second voltage difference is
applied.

6. The structure of claim 1 wherein said passage bar-
rier is physically displaced by the evolution of gas at
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said passage electrode when said voltage difference is
applied.

7. The structure of claim 1 wherein said array of
passages includes a series of n passages, each of said
passages in said series having a different size, said series
being characterized by the first member of said series
having the smallest size and each successive member of
said series having a size twice the size of the previous
member such that the nth member of said series has a ¢
size 2(n—1) times the size of the first member of said
series. |

8. A method for producing quantitatively variable
flow communication between major surfaces of a
monolithic substrate comprising: 15

forming a series of n passages through said substrate,

each of said passages having a different size defined
by its mimimum cross-sectional area, said series
being characterized by the first member 1n said
series having the smallest size with each subsequent
member in said series having a size twice as large as
‘the previous member such that the nth member of
said series has a size 2("—1) times the size of the first
member; 25
positioning a separate electrochemically removable
barrier to block flow through each of said passages,
each of said barriers being selectively removable;
and
electrochemically removing said barriers from a se- 30
lected group of said passages to produce quantita-
tive flow communication between said substrate
surfaces.

9. The method of claim 8 wherein said barriers are
electrochemically removed by establishing a potential
difference between an electrode in contact with said
barrier and a counter electrode 1 electrical communi-
cation with said barrier electrode via an electrolyte.

10. The method of claim 9 wherein said barrier 1s 4q
removed by the evolution of gas at said barrier elec-
trode.

11. The method of claim 9 further characterized by

replacing a selected portion of said removed barriers to
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3

20

35

50

93

65

6

quantitatively reduce said flow communication be-
tween said substrate surfaces.
12. The method of claim 11 wherein said removed
barriers are replaced by applying a second voltage dif-
ference.
13. The method of claim 12 wherein said barrier is
removed by dissolving the material composing said
barrier and replaced by redepositing said barrier mate-
rial.
14. The method of claim 8 wherein the size of said
smallest passage defines a minimum non-zero flow com-
munication between said surfaces and any integral mul-
tiple of said minimum flow communication can be pro-
duced by opening a selected group of said passages, said
group being selected to correspond to the binary repre-
sentation of said integral multiple.
15. A system for producing quantitative variable flow
through a monolithic substrate comprising:
an array of n individually gated passages through said
substrate, each of said passages having a different
predetermined flow rate f; associated therewith
when said passage gate is open, said flow rates
being characterized by the relation f;=2(—1Dx{
for 1=1 to n with f1 being the smallest flow rate;

input means for expressing a desired flow rate as in
n-bit binary numbers; and

means for selectively opening the passage through

sald substrate having flow rate f; when the ith bit in
said binary number is a 1.

16. The system of claim 15 wherein each of said pas-
sages 1s gated by an electrochemically removable bar-
rier positioned to block flow through said passage, said
barrier being in contact with an electrode in electrical
communication with an external lead, said barrier elec-
trode further being in electrical communication with a
counter electrode via an electrolyte.

17. The system of claim 16 wherein said selective
opening means includes switch means for connecting
sald barrier electrode leads to a voltage source, said
switch means connecting the barrier electrode lead
corresponding to the passage having flow rate f;to said
voltage source when the ith bit in said binary number is

a l.
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